INTRODUCTION
The calcium ion might reasonably be considered the preeminent intracellular signaling molecule, as it is involved in a myriad of physiological processes −muscle contraction, neurotransmission, the regulation of gene expression, mitosis, and fertilization, to name a few (1, 2)− and hundreds of Ca 2+ -sensing proteins have evolved to act as effectors in calciumdependent signaling pathways (3) . Unique among these are the Ca 2+ -sensitive ion channels, whose gating is modulated by Ca 2+ binding. These channels allow for crosstalk between chemical and electrical systems and in particular for the feedback control of Ca 2+ entry through voltage-gated Ca 2+ channels. They are best known for enabling changes in intracellular Ca 2+ concentration to influence neuronal firing patterns and the strength of muscle contraction. They fall into four main categories, Ca -activated Cl − channels and TRP channels see (4) (5) (6) .
Ca

2+ -ACTIVATED POTASSIUM CHANNELS
Ca
2+
-activated K + channels are classified into two types, the large conductance, or BKCa channels, and the smaller conductance or SKCa channels. Both are homotetramers and both contain an integral membrane domain much like that found in purely voltage-gated K + channels. The BKCa and SKCa channels, however, show very little sequence homology, and they have evolved unique intracellular sequences to subserve Ca 2+ sensing.
LARGE CONDUCTANCE Ca
2+ -ACTIVATED K + CHANNELS
BKCa channels are composed of four identical pore-forming α subunits, and in some tissues auxiliary beta subunits (7) . The α subunits alone are sufficient to form a functional channel (8) , while the beta subunits play a modulatory role (9) (10) (11) . A single gene encodes for the BKCa α subunit (KCNMA1), and its gene product is referred to as Slo1 (8, 12, 13) (Fig. 1A) . Slo1 has an integral-membrane domain much like a voltage-gated K + channel (Kv) −although the homology between Kv channels and BKCa channels is low− and it has an extra transmembrane domain (S0) that places its N terminus outside the cell (14) . It also has a very large intracellular C-terminus (-800 amino acids) that is unique to this channel and appears to have evolved to confer Ca 2+ sensitivity on an otherwise voltage-gated K + channel structure. Indeed, BKCa channels are both Ca 2+ and voltage activated, and there is a synergy between these stimuli that is seen as a leftward shifting of the channel's conductance-voltage relation (G-V), as the internal Ca 2+ concentration is raised (15, 16) (Fig.  1B) . This leftward shifting starts at ∼100 nm Ca 2+ and continues at concentrations over 1 mM, traveling over 200 mV. Thus, the BKCa channel has a very large dynamic range in terms of its ability to sense Ca
2+
. Surprisingly, however, Slo1's amino-acid sequence contains no canonical Ca 2+ binding motifs (EF hand or C2 domains), so upon its cloning, the nature of the BKCa channel's Ca 2+ binding sites was immediately a central issue. Over the last decade site-directed-mutagenesis experiments have lead to the following picture of the BKCa channel's Ca of Ca 2+ binding sites, one of low affinity (17-19) (mM) that lies in a region of the channel's large C-terminus proximal to the membrane known as the RCK1 domain, and two of higher affinity, one that also lies within the RCK1 domain and another that lies further downstream in a region of the channel known as the Ca 2+ bowl (20). The low affinity site is disabled by mutations at positions D374 or E399 (17, 19). It is responsible for the leftward shifting of the channel's G-V relation at very high Ca 2+ concentrations, over 100 μM, and it is also the site of the modulatory action of Mg 2+ (17-19). Indeed, in vivo this site it is likely to be occupied by Mg 2+ rather than Ca
. The high-affinity RCK1 site can be disabled by mutations at any of three positions M513 (21), D367 (19), or E535 (22), and these mutations reduce the ability of Ca 2+ to shift the BKCa channel's G-V relation leftward by about half. Similarly, the Ca 2+ -bowl site can be disabled by mutations at either of two positions, D898 or D900, and disabling the Ca 2+ bowl also reduces the leftward-shifting effect of Ca 2+ by about half (20, 21, 23, 24). When mutations are made at all three sites together, the channel's Ca 2+ sensitivity is completely eliminated (19). Recently the study of the Ca 2+ sensing mechanism of the BKCa channel was greatly advanced by the publication of a cryo-electron-microscopy structure of the full channel (25) and two crystal structures of the C-terminal domain of the channel (26, 27). All three structures indicated that each Slo1 subunit contains two structurally homologous domains −RCK1 and RCK2− that form an interlocking dimer-like structure ( Fig.  2A) , and four of these dimer-like structures come together to form a ring known as the channel's gating ring (Fig. 1D ). In the intact channel this gating ring hangs below the pore (25) (Fig.  1C) , and Ca 2+ -induced changes in its structure are thought to induce channel opening. Indeed, the BKCa channel's "gating http://bmbreports.org BMB reports . Circled are at positions at which mutations reduced the channel's Ca 2+ response. These residues are highlighted with the same color in (C).
ring" is structurally similar to that of the prokaryotic Ca , and a bound Ca 2+ ion was evident in the crystal ( Fig. 2A) . Indeed, consistent with the electrophysiological data, the Ca 2+ was found to lie in a loop formed by the Ca 2+ bowl, and as predicted by Bao et al. (23), it was coordinated by the side-chain oxygens of D898 and D900, and as well by two backbone carbonyl oxygens. Thus the structural and functional data related to the Ca 2+ bowl agree quite well (Fig. 2C, D) . Surprisingly, however, the Ca 2+ -saturated crystal did not contain a second bound Ca
, nor a third. The high-affinity RCK1 site and the low-affinity site were not evident. In fact, in the case of the high-affinity site the residues implicated as being essential to this site, M513, D367, E535, while in the same general vicinity, did not appear to be close enough together to form the second site. Thus, it appeared that perhaps there was not a second high-affinity binding site. But if this were the case, it would be very hard to explain the mutagenesis data. Shedding light on this issue, however, was the second crystal structure, that of Wu et al. (26) , which came from a crystal grown in the absence of Ca 2+ . In this structure the essential high-affinity, RCK1-site residues −as determined from site-directed mutagenesis− were in sufficiently close proximity to perhaps be forming a Ca 2+ binding site, although no Ca 2+ was present, because none was included in the crystal (Fig. 2B ). This result, although not conclusive, taken together with the mutagenesis work, supports the hypothesis that M513, D367, E535 are indeed involved in forming a high-affinity Ca 2+ binding site in the native channel, and that the Ca 2+ -saturated crystal did not have a bound Ca 2+ in this area, nor in fact in the low affinity site, because it was to some degree distorted. Perhaps the loss of the channel's integral membrane domain alters the structure. What residues actually coordinate Ca 2+ at this second site, however, remains to be established. In particular it would be very unusual for the side chain of M513, which contains a sulfur rather that an oxygen atom, to be involved in Ca 2+ binding, so perhaps M513 makes contacts critical for the structural integrity of the protein in this area but does not directly coordinate Ca 2+ (22 bowl has an affinity for Ca 2+ of 3.1 μM, when it is closed, and 0.9 μM, when it is open. And the high-affinity RCK1-site has an affinity of 23 μM, when it is closed, and 4.9 μM, when it is open. Thus, the Ca 2+ bowl binds Ca 2+ more tightly than does the RCK1 site in both the open and closed conformations. However, when a Ca 2+ ion binds, the RCK1 site has more influence on channel opening than does the Ca 2+ -bowl site. This is because its ratio KC/KO is larger. Indeed KC/KO for the RCK1 site is 4.7, which indicates that a Ca 2+ ion binding at this site decreases the energy difference between open and closed by 3.8 KJ/mol, while for the Ca 2+ bowl site KC/KO is 3.5, which corresponds to an energy difference of 3.1 KJ/mol. These values were determined at a membrane voltage of -80 mV; however, when Sweet and Cox repeated their experiments at 0 mV, they found that the depolarization increased the affinity of the RCK1 site in both the closed and open conformations, but it had no effect on the Ca 2+ -bowl site (34) . They proposed that this arises because the RCK1 site interacts with the channel's voltage sensor and is influenced by its movement, while the Ca 2+ -bowl site does not. The affinities of the channel's low affinity Ca 2+ binding site have been less well determined, however, they have been estimated to be 2-3 mM, when the channel is closed, and 0.6-0.9 mM when the channel is open (35 
SMALL CONDUCTANCE Ca
2+ -ACTIVATED K + CHANNELS
Based on sequence homology with other K + channels in their pore regions, the Adelman group cloned three SK channel subunits (SK1, SK2, and SK3) from rat brain cDNAs in 1996 (36). All three are very similar in overall topology (Fig. 3A) and all form homotetrameric channels. They are between 553 and 580 amino acids long, and they each contain a canonical K + -channel pore region and six transmembrane segments (S1-S6), which places them in the voltage-gated-K + -channel gene family (Fig. 3A) . SKCa channels, however, are not voltage-sensitive, apparently because they have lost most of the positively charged residues normally associated with voltage-dependent gating (37, 38) . The three SK channels display 80 to 90% sequence identity across their transmembrane regions and diverge somewhat in their N and C termini (36) . A fourth member of this family was also subsequently identified (39 yeast-two hybrid, and biochemical assays that the ubiquitous Ca 2+ -binding protein calmodulin (CaM) constitutively associates with all three SKCa channels (40) . And, more telling, when mutant CaMs that contain two or more disabled Ca 2+ binding sites were co-expressed with the SKCa channels, the channels' apparent Ca 2+ affinities where greatly reduced or eliminated (40) . Thus, constitutively-associated CaM appears to serve as the SKCa channel's Ca 2+ sensor, presumably one per subunit, four per channel. CaM is a 148 amino-acid cytoplasmic protein found in virtually all cell types. It serves in a great variety of contexts as a Ca 2+ sensor. Indeed over 300 CaM binding proteins have been identified (2, 41) . As shown in Fig. 4 , CaM has a bilobe structure with each lobe contain two Ca 2+ binding sites of the EF-hand type. Upon binding Ca 2+ , each EF hand changes conformation and this causes a bending of the helix separating the two lobes. This change in the central helix's structure often greatly increases the affinity of CaM for its target proteins (42) . In some instances, however, CaM has been found to associate with target proteins in a Ca 2+ -independent manner, as is the case with the SKCa channel. Most such interactions occur through a well characterized 11 amino-acid motif termed an IQ motif (IQXXXRGXXXR) (43) . Surprisingly, however, none of the SK subunits contain such a motif. Thus, the nature of their constitutive association with CaM is considered novel and perhaps unique. That CaM is in fact the SKCa channel's Ca 2+ sensor was further confirmed in 2001, when the Adelman laboratory solved the crystal structure of CaM bound to a 95-amino-acid peptide that corresponded to the proximal half of SK2's intracellular C-terminal domain (44) . In the structure this CaM-binding domain (CaMBD) forms a long α helix, a turn, and then a shorter helix (Fig. 3C) . And surprisingly, although there is only one CaMBD in each channel subunit, there were two CaMBDs and two CaMs in the asymmetric unit of the crystal. That is, two CaMBDs and two CaMs where forming a dimer, with each CaM lying perpendicular to the CaMBDs and making contacts with both (Fig. 3C) . This was surprising because it suggests that http://bmbreports.org in the native channel the CaM constitutively associated with one SK subunit, upon binding Ca
2+
, reaches over and grabs the C-terminal CaMBD of one of its neighboring subunits, and this new interaction is then reciprocated by the CaM associated with the second subunit (Fig. 3D) . If one considers that there are four SK subunits per channel, if each grabs a partner upon Ca 2+ binding, the intracellular potion of the channel must necessarily change from four-fold to two-fold symmetry as Ca 2+ binds, a tetramer in the membrane and a dimer of dimers beneath. Exactly how this linking of CaMBDs leads to channel opening has yet to be elucidated, but it appears likely that this interaction creates a torque on the CaMBDs that is translated through the S6 helices to the channel's gate (45) . This notion has lead to the model of SKCa channel gating depicted in Fig. 3D (44) . Another interesting aspect of this mechanism is that, in the crystal structure, Ca 2+ was found to bind only to the N-lobe of CaM, while the C-lobe formed a constitutive association with the CaMBD (44) . Indeed it appears that in forming a tight association with the CaMBD −with an affinity on the order of 50-100 nM (45)− the structure of the C-lobe becomes altered such that the Ca 2+ -coordinating residues of its EF hands are no longer properly oriented to coordinate Ca 2+ .
As of yet there are no good estimates of the affinities of the Ca 2+ binding sites of the N-lobe of CaM when it is attached to the SKCa channel, or how they change as the channel gates. So the energetic aspects of this channel's Ca 2+ -dependent gating have yet to be addressed. When it is free in solution, each lobe of CaM is known to bind Ca 2+ cooperatively with apparent affinities in the low micromolar range, such that all sites are saturated above 10 μM Ca 2+ (46, 47) . CaM's N-lobe affinities, however, may be higher when it is associated with an SKCa channel, as the Ca 2+ dose-response curves of these channels saturates by 1 μM (Fig. 3B) .
VOLTAGE-GATED Ca 2+ CHANNELS
Voltage-gated Ca 2+ channels (CaV) occupy a unique position in cellular Ca 2+ -signaling, as they are often both the source of Ca 2+ entry and the object of Ca 2+ -dependent feedback. Indeed, many experiments with both single CaV channels and macroscopic CaV currents have demonstrated that Ca 2+ ions, either entering through a given channel, or provided by other sources, can bind to intracellular regions of a CaV channel to regulate its voltage-dependent gating, and they can do so in either a faciliatory or an inhibitory manner (48) (49) (50) (51) (52) (53) (54) . This feedback regulation allows for subtle control, in both space and time, of the intracellular Ca 2+ profile, and it has been shown to play an important role in such processes as the regulation of the duration of the cardiac action potential (55) and short-term synaptic plasticity (56, 57) . CaV channels are formed by pore-forming α1 subunits (Fig.  5B ) and auxiliary β, α2-δ and sometimes γ subunits (Fig. 5A ) (58) . It is the α1 subunit that determines a CaV channel's essential phenotype (48) . There are three α1 gene families that give rise to channels of type: CaV1, CaV2 or CaV3 (59). CaV3 channels lack Ca 2+ -dependent regulation, while CaV1 and CaV2 channels display either of two types. First, in response to a sustained depolarization sufficient to activate CaV current, the subsequent intracellular Ca 2+ rise causes a slow decline in the observed Ca 2+ current known as Ca
2+
-dependent inactivation or CDI (60) . CDI proceeds over the course of hundreds of milliseconds and often leads to near complete inhibition of the current (Fig. 5C) (61, 62) . When Ba 2+ rather than Ca 2+ is used as the charge carrier, CDI is no longer observed, as Ba 2+ does not bind well to the relevant intracellular Ca 2+ binding sites. Apart from CDI, some CaV channels also display CDF, Ca 2+ -dependent facilitation, which is observed as a rapid increase in open-probability, and thus macroscopic current, just after channel activation (63, 64) . It can be elicited with a brief depolarizing prepulse and then observed in a subsequent test pulse (50, 53, 65, 66) (Fig. 5D) . CDF requires Ca 2+ influx and like CDI is eliminated when Ba 2+ is substituted for Ca 2+ . CDF develops more rapidly than does CDI, with a time constant of ∼10 ms (50) . All CaV1 and CaV2 channels display CDI and some display both CDI and CDF (CaV1.2 and CaV2.1) (51, 67) Over the course of the last decade a good deal has been learned about the molecular underpinnings of CDI and CDF, and what has become clear is that both processes depend on a http://bmbreports.org BMB reports single CaM being constitutively bound to the channel's intracellular C-terminal domain in a region fairly close (within 150 amino acids) to the channel's last transmembrane segment (53, 61, 66, (68) (69) (70) (71) (72) (73) . Indeed, both CaV1 and CaV2 channels contain an IQ motif in this region that has been shown in crystallography experiments to bind CaM (74) (75) (76) (77) , and a CaM mutant with disabled Ca 2+ binding sites has been shown to act in a dominant negative manner to inhibit both CDI and CDF (50) . Thus, CaM does not need bound Ca 2+ for it to effectively compete with native CaM in binding to the channel. More interesting, however, unlike the apoCaM (no Ca 2+ bound) constitutively bound to the SKCa channel, the CaV channel's apoCaM has both lobes free to bind Ca 2+ , and experiments with mutant CaMs have shown that −in CaV2.1 channels− CDI requires Ca 2+ binding to the N-lobe of CaM, while CDF requires Ca 2+ binding to the C-lobe (50). Thus, remarkably, two lobes of the same molecule subserve two different and partially opposing Ca 2+ -dependent regulatory processes, and these processes proceed at very different rates. How this occurs is not yet fully understood, however, we may assume that, upon binding Ca 2+ , each lobe is either repositioned on the channel or else induced to make further contacts with other regions of the channel, and that these new contacts allosterically influence channel gating either positively (CDF) or negatively (CDI). Furthermore, it must be that both CaM lobes can form new contacts at separate sites but at the same time, and presumably with differing affinities and kinetics. To gain a clearer understand of how this works, however, will likely require biochemical and/or structural experiments that delineate the changes that occur in the interactions of each lobe of CaM with the CaV channel as each lobe becomes occupied by Ca 2+ .
There are however two intriguing characteristics of CDI and CDF that are worth mentioning here and have been largely explained. The first is that, as stated above, in CaV2 channels CDI requires Ca 2+ binding to the N-lobe of CaM and CDF requires Ca 2+ binding to the C-lobe, but in CaV1 channels the situation is reversed. CDI requires Ca 2+ binding to the C-lobe and CDF requires Ca 2+ binding to the N-lobe (51) . What is the origin of this role reversal? The answer has come largely from x-ray crystallography. Crystal structures of IQ domains from CaV1 channels in complex with Ca 2+ -saturated CaM have re- vealed that Ca 2+ /CaM binds to these channels' IQ motifs in a parallel configuration (Fig. 6A) (74, 77) . That is, the N-lobe of CaM makes contacts with the IQ peptide just upstream of where the C-lobe makes contacts. But when similar experiments were done with IQ peptides from CaV2 channels, the orientation of the Ca 2+ /CaM was found to be reversed (75) . That is, Ca 2+ /CaM adopted an anti-parallel configuration (Fig.  6B) . Thus, it appears that it is the position of the CaM lobe along the channel's IQ domain that determines which process, CDI or CDF, will be initiated upon Ca 2+ binding to that lobe, not the exact nature of the lobe itself. The reason for the inversion in Ca 2+ /CaM-binding orientation between CaV1 and CaV2 is not apparent from the crystal structures, but it is not a simple inversion, but rather in the CaV2/Ca 2+ /CaM structure CaM is not only in an anti-parallel orientation, but it also sits ∼3 residues further up the IQ helix than it does in the CaV1/ Ca 2+ /CaM structure (72) . Thus, to a CaV channel it appears that a lobe is a lobe, and any lobe of CaM will do for either CDI or CDF, so long as it is oriented on the channel correctly. But there is another striking feature of these two processes that does depend on the nature of the lobe itself, rather than on its position, and that is the local or global nature of its Ca 2+ sensing. In CaV2 channels CDI −mediated by the N-lobe of CaM− is blocked by millimolar concentrations of internal EGTA (67, 78) . This is unexpected, because millimolar concentrations of EGTA do not effectively buffer the very high Ca 2+ concentration (tens of micromolar) that develops around (within ∼10 nm) the inner mouth of a Ca 2+ channel within microseconds of its opening (79) . CaM is attached to the channel close to its inner mouth, so one would expect that both of its lobes would be exposed to this high Ca 2+ concentration every time the channel opens. Indeed, supporting this notion CDF in these same channels −which is mediated by the C-lobe− unlike CDI is not blocked by EGTA (54) , which indicates that the C-lobe is situated within the Ca 2+ nanodomain of the open channel. How can the C-lobe be in the Ca 2+ nanodomain and the N-lobe not be? Could it be that, upon channel opening, the C-lobe is somehow exposed to an appreciably higher Ca 2+ concentration because is lies slightly upstream of the N lobe along the IQ motif? No apparently not, as in the CaV1.2 channel the downstream lobe is the C-lobe and the upstream lobe is the N-lobe, yet here still the process mediated by the C-lobe (with this channel CDI) is insensitive to EGTA, while the process mediated by the N-lobe (with this channel CDF) is blocked by EGTA (67) . Thus, there appears to be something about the nature of the N and C-lobes of CaM that allows the N-lobe to be responsive to changes in global Ca 2+ (which can be buffered by EGTA) and the C-lobe to be responsive to changes in local Ca
. But exactly how a single molecule could be simultaneously sensitive to both global and local Ca 2+ seems a mystery.
A solution to this mystery, however, has been proposed by Tadross et al. (2008) (54) -bound N lobe for its target site is also required for it to be insensitive to local Ca 2+ transients, and definitive evidence in favor of this theory in the form of kinetic measurements of Ca 2+ binding to channel-resident CaM, have yet to be acquired. Tadross et al. did, however, make a compelling case for their model based on the observation that it quite accurately predicts the relationship between channel open probability and the extent of CDI under a variety of conditions (54) . As is the case for the SKCa channel, the affinities of CaM's Ca 2+ binding sites when attached to a CaV channel, or how they change as the channel gates, have yet to be determined, so the energetics of CDI and CDF have yet to be addressed. But perhaps most pressing, so far little is known about how the interactions that occur between CaM/Ca 2+ /CaMBD and the rest of the channel lead to either inactivation or facilitation. This issue appears to be the next frontier in the study of this channel's Ca 2+ dependent regulation.
CONCLUSION
Over the course of the last decade a great deal has been learned about the Ca 2+ sensing mechanisms of Ca
2+
-activated K + channels and voltage-gated Ca 2+ channels. Each channel type uses unique molecular machinery to regulate its gating, however, the use of constitutively-associated calmodulin is emerging as an important common theme. X-ray crystallography and electrophysiology together have proven to make a powerful duo in the investigation of Ca 
